Abstract. Response Surface Method (RSM) has been applied to structural reliability problems successfully in many areas. Finite Element Method (FEM) is one of the most widely used computational methods, which permit the analysis and design of large-scale engineering systems. In order to obtain a reliability analysis method of composite structure with satisfactory accuracy and computational efficiency, RSM and FEM were combined by secondary development of ABAQUS. Response Surface Stochastic Finite Element Method (RSSFEM) which can solve the reliability problems of composite structure was developed. The numerical accuracy and the computational efficiency of the developed method were demonstrated by comparison with Monte-Carlo Stochastic Finite Element Method (MCSFEM).
Introduction
Fiber reinforced composite materials have been used increasingly in a variety of industrial areas including aerospace, automobile, nuclear, marine, civil and biomedical engineering [1, 2] . This is mainly due to their high stiffness and strength-to-weight ratios, long fatigue life, resistance to electrochemical corrosion, and other superior material properties of composites [3, 4] . However, composite laminates are significantly weak in shear, which demand special attention on the part of designers. Due to the complexity of structure, the variability in performance of a composite structure arises from material variability of each lamina is often much higher than conventional isotropic structures. A clear understanding of the structural reliability of composite structure is thus needed to fully utilize their potential in the design of various engineering components.
Engineering experience has shown that uncertainties are involved not only in the assessment of loading but also in the material and geometric properties of engineering systems [5, 6] . The rational treatment of these uncertainties, achieved by means of probability theory and statistics, cannot be addressed rigorously when following the traditional deterministic approach. This approach, which is almost exclusively used in engineering practice even today, is based on the extreme (minimum, maximum) and mean values of system parameters. In this framework, it is implicitly assumed that the results obtained from a deterministic analysis are representative of all possible scenarios of system loading and strength. This is not true in most cases. It is however, sure that the deterministic approach cannot lead to an "optimum" system design [7] .
Many methods have been developed to find reliability data such as the reliability index, parameter sensitivity and so on, which are based on numerical analysis as well as simulation, such as Monte Carlo simulation [8] or more advanced simulation methods [9] . For some problems, including implicit performance functions or time consuming analyses, methods such as the first order reliability method (FORM) or the second order reliability method (SORM) and MCS become very time consuming or in some cases may suffer convergence problems [10] . Therefore, approximation methods become inevitable for such problems to reduce the computing costs as well as to find the correct result for problems with convergence issues. Of the most widely used approximation methods, the Response Surface Method (RSM) has been used successfully in many areas [11] . Bucher [12] proposed an application of the RSM to structural reliability problems, and this RSM has become the most widely used [13] .
It is today widely recognized that computational methods permit the analysis and design of large-scale engineering systems [14] . Finite Element Method (FEM) is the most widely used computational methods, which is especially versatile and efficient for the analysis of complex structural behaviour of the composite laminated structures [15] . Using FEM, a significant amount of research has been devoted to the analysis of vibration and dynamics, buckling, failure and damage analysis and etc [16, 17] .
The Stochastic Finite Element Method (SFEM) that combine structural reliability theory and FEM is a powerful tool in computational stochastic mechanics [4, 18] . However, most of commercial finite element software are mainly to solve deterministic problems, which do not have the function of reliability calculation. To develop a stochastic finite element software of reliability analysis is complicated. It is difficult to provide useful results for practical composite structure problems in a short time. Exploring a SFEM for composite structure which not only have satisfactory numerical accuracy and computational efficiency but also be easy to realize is very necessary.
In this paper, RSM and FEM were combined by secondary development of ABAQUS. A new Response Surface Stochastic Finite Element Method (RSSFEM) for reliability analysis of composite structure was developed. The numerical accuracy and the computational efficiency of the developed method were demonstrated by comparison with Monte-Carlo Stochastic Finite Element Method (MCSFEM) with use of a numerical example.
Response Surface Stochastic Finite Element Method
RSSFEM which combine RSM and FEM is widely studied and applied in recent years [19] , but there is not a ready-made response surface stochastic finite element software. To develop a new one is complicated. It is difficult to provide useful results for various practical composite structure problems in a short time. The ABAQUS software is very powerful in composite structure analysis, but it can only solve deterministic problems, do not have the function of reliability calculation.
In this paper, ABAQUS kernel was directly controlled by secondary development of ABAQUS compiled with python language. Parameterized finite element modeling of composite structure was realized. By calling the finite element analysis results, the response surface equation of limit state was established. The reliability calculation and parameter sensitivity analysis of are carried out by the JC method recommended by JCSS [20] . A RSSFEM which can solve the reliability problems of composite structure was developed. Specific analysis process is as follows: (1) Establish parameterized finite element model of composite structure by python language.
(2) Collect data and determine the random distribution of parameters. . By Rackwits -Fiessler algorithm, non-normal random variables were normalized, the specific algorithm shown in Fig.1 . In design checking point * x , the cumulative distribution function and the probability density function of the equivalent normal random variable are equal to the original random variable's function. M is the standard normal probability density function.
According to above equations, the approximate normal distribution function can be obtained:
According to the formula, the corresponding point in the standard normal space of design checking point can be calculated. fitting points in the standard normal space can be formed. (7)Convert fitting points into the original space. If it has been normal distribution, the original space fitting point: 
(11) Repeat step (7) -(10) until the reliability index E is converged.
Numerical Example
Take a glass fiber reinforced resin matrix composite launch tube of rocket as the research object. The launch tube is constructed of 12-ply alternately to +45°, -45°bevel symmetric laminate, each of which is 0.3mm thick. Fig.4 Fig.2 . Parameterized finite element model of composite launch tube was established by secondary development of ABAQUS. Define property of the launch tube, including mechanical properties, fiber winding angle,ply thickness, number of integration points and so on. Use the 3-point Simpson integration method in ply thickness direction, so we can get material stress and strain information of every single ply. Establish the finite element model of rocket, exert rocket engine thrust at the end of the rocket, the stress during various stages of launch of launch tube was obtained by simulation calculation. Stress nephograns of composite launch tube at each stage of launching process was shown in Fig.3 . The dialogue box of random variable setting was developed by Plug-ins in ABAQUS as shown in Fig.4 . Designer can set the parameters of random variables quickly and intuitively. Using RSM and JC method, the response surface stochastic finite element analysis of composite launch tube was carried out. The comparison on the numerical accuracy and computational efficiency between this method and MCSFEM with 1000 samples is shown in Table 2 . Taking the result calculated by MCSFEM as the exact solution, the relative error of reliability index E calculated by this method is 1.34%, while the ratio of the computational time of this method to the time of MCSFEM is only1.70%. From the above comparison, it might be suggested that the developed RSSFEM could provide a reasonable reliability prediction for composite structure with satisfactory computational efficiency. 
Conclusions
In this study, A new RSSFEM for reliability analysis of composite structure was developed by combining RSM and FEM. A comparison with MCSFEM on the numerical accuracy and the computational efficiency was carried out. The main conclusions that can be drawn are the following:
ABAQUS kernel was directly controlled by secondary development with python language, so parameterized finite element modeling of composite structure was realized.
The RSSFEM which can solve the reliability analysis problems of composite structure was developed by combining RSM and FEM. The developed method that combines the advantage of RSM and the strong computation ability of ABAQUS software can reduce the computing costs as well as find the correct result for large-scale engineering systems.
The numerical accuracy and the computational efficiency of the developed method were demonstrated by comparison with MCSFEM with use of a numerical example.
